INTRODUCTION
The technological operations of workpiece clamping are a part of workpiece manufacturing. Clamping stiffness and speed have a significant impact on the workpiece quality, duration of the manufacturing cycle and also on the manufacturing cost (1) . Correctly designed clamping elements represent one of the notable influences on the productivity and on the quality of the machined area (2) .
The design of a clamping element requires the correct construction and positioning of contact elements and selection of the clamping jaw type (3, 4) . The direction and size of reaction forces result from the design. The analysis and verification design of clamping components using a numerical computer focused method allows for the elimination of errors in the design before putting the clamping component into production. In this paper, the influence of the positioning of contact locating points on the displacements of characteristic points and the magnitude of reaction forces was investigated.
THEORETICAL BACKGROUND
The simulation program code ANSYS can be applied for the solution of a wide variety of technical problems using the finite element method (FEM). In contact tasks, energetic formulation is used. For each element, the functional Π e defining the total potential energy of an element is given by the relationship (5)
where u is the vector of nodal displacements, A e represents the total strain energy given by the formula
and W e is the work of external forces acting on the element which can be computed from the relationship [3] where up -is the vector of nodal displacements on the areas with applied superficial pressure, ui -the vector of nodal displacements in which the concentrated forces are imposed, p -the vector of applied pressure, γ -the vector of volumetric forces, ε -the vector of nodal strains,
 -the vector of nodal stresses,
Fi -the vector of concentrated nodal forces. For each element, a functional Π e expressing the total potential energy of an element is defined as
Including the internal nodal forces {q e }, the total potential energy of an element can be formulated in matrix form [5] [5] where [K e ] is the stiffness matrix of the element e, {f e } is the vector of external nodal forces. Assembling the resulting system of equations for the whole body leads to the expression for the total potential energy of the system in the form
The solution for vector field of nodal displacements corresponds to the minimum of the total potential energy. Then the task is to find the field of nodal displacements u, fulfilling the given boundary conditions and loading that minimizes the functional [6] = 0.
[7]
Minimizing the potential energy according to the nodal displacements leads to the system of algebraic equations
from which the unknown values of nodal displacements can be computed.
PROBLEM DESCRIPTION AND SIMULATION MODEL
The finite element program code ANSYS was used for the development of the simulation model. Geometrical shape and dimensions of the investigated prismatic workpiece are shown in Fig. 1a . It was considered to clamp the workpiece with removable jaws. The real configuration of locating elements was simplified to the contact locating points 1, 2 and 3 in which the spherical locating elements toughen the workpiece (Fig. 1a, b) . The finite element mesh was created by the 3D element SOLID 185 (Fig. 1b) . The elements CONTA173 and TARGE170 were applied to take into account the contact between locating elements and the workpiece ( Three different cases of locating element positioning with distinct inaccuracies (Table 1 ) were simulated. In the first simulation (CASE 1), the positions of the contact local points were considered to be in prescribed exact locations without any deviations towards the workpiece in the y-axis direction u1y = u2y = u3y = 0. In the second simulation (CASE 2), the contact locating point 2 was shifted from its prescribed position to the position with the deviation of u2y = 0.01 mm in the y-axis direction away from the workpiece. In the third simulation (CASE 3), the inaccuracy in the positioning of the contact locating point 3 was investigated taking into account the movement of this contact locating point down in the y-axis direction with the value of u3y = 0.01 mm.
Fig. 2 Definition of the contact elements

RESULTS
Within the ANSYS environment, the displacements of characteristic points of the investigated workpiece were analyzed using the described simulation model. Displacements of the characteristic points of the workpiece marked with letters A, B, C, D (Fig. 1a) are shown in Fig. 3 for the cases from 1 to 3. The total displacements are plotted using color contours. The computed displacements of the characteristic points A, B, C, D in the x-axis and y-axis directions are shown by their values for the single cases in Figs. 3a, b, c .
The results for CASE 2 indicate only small displacements which are comparable with the displacements computed for CASE 1, representing the prescribed positioning of the contact locating elements. The slightly higher values of the displacements were found for the characteristic points A and D in the y-axis direction. In CASE 3, the unfavorable state occurred. The displacements of the characteristic points B, C, D were of one order higher in comparison with CASE 1. Contact location point inaccuracies had an influence also on the change of the size of reaction forces. The values of reaction forces are shown in the Fig. 3 
CASE 3
Fig. 3 Displacements of characteristic points u×10 3 [mm] and reactions for investigated cases
DISCUSSION
It was supposed that in CASE 2 and CASE 3, the workpiece is under the imposed clamping forces in contact with each contact locating point. As it follows from the numerical simulation in CASE 2, the reactions at the contact locating point 2 are zero, which means that the workpiece is not in contact with the clamping system at the contact locating point 2. On the other hand, the displacements of the workpiece were relatively small and comparable with the displacements computed for the "ideal" (designed) positioning of clamping system corresponding to CASE 1.
The most unfavorable conditions of workpiece clamping occurred in CASE 3 when the contact locating point 3 was shifted by 0.01 mm down the y-axis direction. In this case, the maximum total displacements of the workpiece reached the value of 0.02 mm.
For comparison and verification of the total reaction forces, the reactions at the contact locating points 1, 2 and 3 were calculated analytically taking into account the workpiece as the 2D solid body. Using this approximation, the calculated reaction Rx in the x-axis direction was 1500 N. The sum of reactions Ry in the y-axis direction at the locating points 2 and 3 was 866.03 N. The results obtained by numerical simulation and presented in the Fig. 3 table, are in very good agreement with the values of reaction forces calculated analytically.
CONCLUSION
The application of numerical simulation for the analysis and verification of workpiece clamping design, enabled the use of different forms of clamping. The influence of inaccuracy in the positioning of contact locating points on the displacements of characteristic points of the workpiece was investigated. It was found that shifting the contact locating point 2 in the y-axis direction exhibited only a small deviation from the positioning prescribed in the clamping design and corresponding to the investigated CASE 1. Inaccuracy in the positioning of the contact locating point 3 resulted in quite large displacements of the workpiece which could lead to a decrease in the quality of the machined areas. As it follows from the obtained results, the accuracy of the clamping system positioning affected also the reaction forces in the contact locating points.
Finally, it can be concluded that numerical simulation of the workpiece behaviours under different conditions of its clamping can provide very useful information and it can be applied for verification of the position of workpiece machined areas clamped in various types of clamping devices.
